The chromosome 8q24.21 locus, which contains the proto-oncogene c-MYC, long non-coding RNA PVT1, and microRNAs (miRs), is the most commonly amplified region in human prostate cancer. A long-range interaction of genetic variants with c-MYC or long non-coding PVT1 at this locus contributes to the genetic risk of prostate cancer. At this locus is a cluster of genes for six miRs (miR-
Introduction
Based on statistics for 2016, prostate cancer has the highest incidence rate (180,890 new cases, 21% of all male cases) in the United States [1] . Although death rates for prostate cancer are down about 50% as a result of improvements in early detection and treatment, it is still the second leading cause of death (26, 120 cases) for American men [1] . However, the genetic mechanism underlying the development and progression of prostate cancer remains poorly understood. It is therefore important to identify the genetic risk factors for prostate cancer. Genome-wide association studies (GWASs) showed evidence for an association of prostate cancer risk with independent genetic variants on chromosome 8q24, conferring prostate cancer susceptibility at this locus [2] [3] [4] [5] . Nevertheless, at the locus with these genetic variants, no specific gene has been identified as responsible for risk of prostate cancer. At 8q24.21, there is a long-range interaction of these genetic variants with c-MYC or long non-coding RNAs (lncRNAs) in a tissue-specific manner, including prostate [6] [7] [8] , suggesting master genetic factors at 8q24.21 that contribute to this genetic risk.
The locus at chromosome 8q24.21, the most commonly amplified region in human prostate cancer [9] [10] [11] , contains the oncogene c-MYC and, adjacent to it, the gene for lncRNA PVT1 [12] [13] [14] [15] (Fig. 1a ). In human prostate cancers, c-MYC is a commonly amplified oncogene [16, 17] . Both copy number alterations and expression of PVT1 are elevated in various human cancers, including prostate cancer [8, 18] . In 8q24-amplified human cancer cells, a gain of PVT1 expression is required for high c-MYC protein levels [12] . In most cancers, the copy number of PVT1 increases with high c-MYC copies, suggesting that co-expression of PVT1 and c-MYC is a characteristic of human cancers [12] and that c-MYC and PVT1 contribute to the genetic risk of prostate cancer. Functional analyses show that PVT1 and c-MYC promoters compete for enhancer contact in cis and that the PVT1 promoter inhibits c-MYC expression, but silencing of this promoter enhances breast cancer cell competition and growth [19, 20] . However, other analyses show that, in triple-negative breast cancer cells, depletion of PVT1 inhibits tumor growth through KLF5/beta-catenin signaling [21] and that, in gastric cancer cells, PVT1 promotes angiogenesis through activation of the signal transducer and activator of transcription factor3 (STAT3)/ vascular endothelial growth factor A axis [22] . Thus the functional role of PVT1 in cancer cells remains elusive.
A cluster of six microRNAs (miRs; miR-1204, -1205, -1206, -1207-3p, -1207-5p, and -1208) is located at the PVT1 locus of 8q24.21 [14, 15] (Fig. 1a ), but no functional role for any of these miRNAs has been found for prostate cancer cells. The mature forms of these miRNAs are differentially expressed in various cancer cell lines [15] . In colon cancer cells, there is a p53-dependent induction of miR-1204 [23] but, in nasopharyngeal carcinoma cells, downregulation of miR-1204 [24] . In breast cancers, miR- Relative DNA copy number of 8q24.21 and 8p22 loci against multiple independent loci in the genome determined by a multicopy reference assay of human prostate cancer cell lines. Data are presented as means ± SD. *p < 0.05 by two-tailed t test for PCR primers 1-3 vs. primer 4. c Representative images of laser capture microdissection of tumor cells in prostate cancer tissues. Left panels: hematoxylin and eosin staining; right and middle panels: laser capture microdissection of tumor cells from target tissues. d Relative DNA copy numbers of 8q24.21 and 8p22 loci in primary castration-resistant prostate cancer specimens. Data are presented as the means ± SD. *p < 0.05 by two-tailed t test in T group vs. N group. T micro-dissected prostate cancer cells, N micro-dissected normal prostate epithelial cells. All experiments were repeated three times 1204 targets the vitamin D receptor (VDR) gene to promote the epithelial-mesenchymal transition and metastasis [25] . In the pleural mesothelioma cell line HP10, there is more than three-fold increased expression of miR-1205 as compared to other malignant mesothelioma cell lines [26] . In ovarian cancers, overexpression of miR-1207 promotes cancer stem cell-like traits by activating the Wnt/β-catenin signaling pathway [27] , and PVT1-derived miR-1207-5p promotes breast cancer cell growth by targeting STAT6 [28] . miR-1207-3p is underexpressed in prostate cancer cell lines; it inhibits cell proliferation and migration and induces apoptosis via targeting of FNDC1 [29] .
Thus characterization of these miRNAs would provide new insights into the genetic risk of prostate cancer associated with 8q24. In the present effort, we measured the copy numbers and expression levels of miRs-1204-1208 and assessed their potential roles in prostate cancer cells. We further addressed the functional role and target genes of miR-1205 and its regulatory mechanism in these cells.
Results
Somatic amplification and overexpression of miR-1205 at 8q24.21 in human castration-resistant prostate cancer cells GWAS analyses reveal common germline genetic variants at 8q24 that are associated with various cancers, especially prostate cancer [2] [3] [4] [5] . For prostate cancer, somatic amplification at 8q24, including the c-MYC locus on 8q24.21, shows copy number gains, and these gains are implicated in tumor progression, lymph node metastasis, and tumor recurrence [11, 30] . At 8q24, long-range enhancers interact with c-MYC and PVT1 at 8q24.21 ( Fig. 1a ) and contribute to the genetic risk of prostate cancer [6, 31, 32] . In the present study, using quantitative polymerase chain reaction (qPCR) copy number assays, we identified, in the human castration-resistant prostate cancer cell line PC3, the somatic DNA amplification of 8q24.21 loci, including the c-MYC locus (PCR primer 1 region) and PVT1 and the locus for miRs-1205-1208 (PCR primer 2-3 regions), but this amplification was not evident in the human castrationresistant cell line DU145, in the human androgen-sensitive cell line LNCaP, or in the human normal prostate epithelial cell line, PZ-HPV-7 transformed by transfection with human papillomavirus 18 [33] (Fig. 1b ). Since there may be linkage disequilibrium between the c-MYC locus and PVT1 and the miRs-1205-1208 locus, in PC3 cells, miRs-1205-1208 may be passenger amplified with c-MYC. To address this question, using laser-capture microdissection in combination with PCR quantitative copy number assays, we found 12 primary prostate cancer tissues without c-MYC Tumor stage (TNM)   T2N0M0   T3N0M0   T2N0M0   T3N1M0   T2N0M0   T3N2M0   T3N0M0   T3N1M0   T2N0M0   T2N0M0   T3N0M0   T3N1M0 TNM Tumor-Node-Metastasis amplification from 30 castration-resistant prostate cancers ( Fig. 1c, d and Table 1 ). Using the 12 micro-dissected prostate cancer tissues, we identified DNA amplification of the miRs-1205-1208 locus (PCR primer 2-3 regions) in prostate cancer cells from >50% of cases (7/12; PCR primer 2 region, p = 0.013; PCR primer 3 region, p = 0.007) ( Fig. 1d ), suggesting that amplification of miRs-1205-1208 is a frequent event and may be independent of c-MYC in about 23% (7/30) of all cases. In addition, we assessed the DNA copy numbers of the miRs-1205-1208, c-MYC, and PVT1 loci using various public datasets. As shown in Supplementary Fig. S1a , b, there was amplification of miR-1205 in 8% of all cases and 13% of metastatic cases but c-MYC-independent amplification of miR-1205 only in a few cases. These data suggest that amplification of miR-1205 is a frequent event in prostate cancer, especially in metastatic prostate cancer, but MYC-independent miR-1205 amplification is an infrequent event. Of note, DNA amplification at the miR-1205 locus was associated with poor survival of patients with prostate cancer ( Supplementary Fig. S1c, d ).
Next, we assessed the association of somatic DNA amplification with the expression levels of miRs-1204, -1205, -1206, -1207-3p, -1207-5p, and -1208 at 8q24.21 in prostate cancer cells. Except for miR-1207-5p, all miRNAs were detected in LNCaP, DU145, and PC3 cells. The highest expression of the miR-1205 was in PC3 cells, and higher expression levels of miR-1204 and miR-1205 were present in DU145 cells, but there were lower expression levels of all miRs-1204-1208 in LNCaP and PZ-HPV-7 cells ( Fig. 2a ). In the 12 micro-dissected prostate cancer tissues, expression of only miR-1205 was increased in castration-resistant prostate cancer cells compared with expression in adjacent normal prostate epithelial cells (p = 0.011; Fig. 2b ). Likewise, expression analysis of miR-1205 as normalized to U6 was validated by an additional RNA reference, miR-16-5p ( Supplementary Fig. S2 ). In addition, for prostate cancer samples, there were significant associations of expression of miR-1205 with the host gene PVT1 as determined with The Cancer Genome Atlas (TCGA) dataset ( Supplementary Fig. S3 ). For castration-resistant prostate cancer cells, the DNA copy number at the miR-1205 locus (PCR primer 2 region) correlated with the expression of miR-1205 (r = 0.760, p = 0.004) but not in matched adjacent normal prostate epithelial cells (r = 0.412, p = 0.138) ( Supplementary Fig. S4 ). Likewise, both amplification and overexpression of miR-1205 was present in PC3 cells (Figs. 1b and 2a), but, in DU145 cells, there was overexpression without amplification of miR-1205. To investigate the potential regulatory mechanism of miR-1205 in DU145 cells, direct bisulfite-treated sequencing was performed to determine the DNA methylation status at the CpG island in the promoter region of miR-1205 ( Supplementary  Fig. S5a ). DNA hypermethylation at the CpG island was evident in LNCaP and PZ-HPV-7 cells but not in DU145 and PC3 cells ( Supplementary Fig. S5b , c), suggesting epigenetic regulation in the transcription of miR-1205.
miR-1205 facilitates cell proliferation and cell cycle progression in human prostate cancer cells
To determine the role of miRs-1204-1208, a scrambled control or an miRNA inhibitor was transiently transfected into DU145 and PC3 cells. Compared with the scrambled control, the miR-1205 inhibitor reduced cell proliferation in DU145 (p = 0.002, Fig. 2c ) and PC3 cells (p < 0.001, Fig. 2d ). To validate the role of miR-1205 in prostate cancer cells, a scrambled control or an miR-1205 mimic was transiently transfected into LNCaP cells, which showed low miR-1205 expression ( Fig. 2a ). For LNCaP cells, transfection of an miR-1205 mimic promoted cell proliferation compared with that of a scrambled control (p = 0.042, Fig. 3a ). Likewise, we validated this observation for LNCaP C4-2 cells, which are androgen receptor-positive, castration-resistant prostate cancer cells ( Supplementary  Fig. S6a, b ). Furthermore, to determine whether miR-1205 is related to androgen resistance, LNCaP cells were treated with 5α-dihydrotestosterone (5α-DHT) for 7 days following transfection with an miR-1205 mimic. As shown in Supplementary Fig. S6c , cell proliferation was increased after 5α-DHT stimulation in cells transfected with the scramble miRNA. Although transfection with an miR-1205 mimic promoted cell proliferation, 5α-DHT stimulation did not enhance proliferation of cells transfected with miR-1205, suggesting castration resistance. In addition, we assessed VCaP cell growth under serum-starved conditions in the absence of androgen for 5 days following transfection with the miR-1205 mimic or scramble control miRNA. As shown in Supplementary Fig. S6d , transfection with the miR-1205 mimic promoted cell proliferation in serum-free medium without androgen as compared to transfection with scramble control miRNA, suggesting promotion of androgen-independent cell growth by miR-1205.
Next, the effect of miR-1205 on cell cycle progression of LNCaP cells (expressing low miR-1205) and PC3 cells (expressing high miR-1205) was addressed. To arrest the cells at the G0-G1 phase, they were starved under serumfree conditions for 48 h before transfection with an miR-1205 mimic or miR-1205 inhibitor. After 24 h of serum stimulation, approximately 10% of the LNCaP cells transfected with the scrambled miR were at the S or G2-M phases, whereas 44% and 18% of cells transfected with the miR-1205 mimic entered the S and G2-M phases, respectively ( Fig. 3b, c) . Likewise, >65% of PC3 cells transfected with the scrambled miR were at either the S or the G2-M phases, whereas <30% PC3 cells transfected with the miR-1205 inhibitor entered the S or G2-M phases ( Fig. 3d, e ).
However, after transfection of PC3 cells for 7 days, the miR-1205 inhibitor had little influence on apoptosis ( Fig. 3f ).
miR-1205 downregulates the expression of the Egl-9 family hypoxia inducible factor 3 (EGLN3) gene in human prostate cancer cells
The potential target genes of miR-1205 were predicted using the public miRNA databases TargetScan [34] , Diana-microT [35] , and miRDB [36] . Owing to a different scoring algorithm for each database, we selected the top 200 candidate targets of miR-1205 from each. As shown in Fig. 4a and Supplementary Table S1 , we predicted 57 candidate targets as identified in at least two databases. Furthermore, we analyzed the mRNA expression of these candidate target genes in TCGA dataset. Of the 57 candidate genes, 8 were downregulated and 5 were upregulated (>1.5-fold change, p < 0.001) in prostate cancer tissues compared with normal prostate tissues ( Fig. 4b) . To validate the effect of miR-1205 on the downregulated candidate genes, we transiently transfected a scrambled control or an miR-1205 mimic into LNCaP cells (with low expression of miR-1205). qPCR analysis showed downregulation of CCND2 (p = 0.0113), CCDC85A (p = 0.0457), and EGLN3 (p = 0.005) expression levels after transfection with the miR-1205 mimic ( Fig. 4c ). Likewise, we transiently transfected the scrambled control or miR-1205 inhibitor into PC3 cells (with high expression of miR-1205). Upregulation of EGLN3 (p = 0.008) and PELI2 (p = 0.0410) expression levels were evident after transfection with the inhibitor (Fig. 4d ). However, there was a change of protein levels only for EGLN3 after transfection with the mimic or inhibitor of miR-1205 in LNCaP cells ( Fig. 4e ) and PC3 cells ( Fig. 4f ).
miR-1205 promotes cell proliferation through EGLN3 in human prostate cancer cells
To determine the basal expression of miR-1205 and EGLN3 protein, we performed expression analysis for PZ-HPV-7 cells as compared to LNCaP, DU145, and PC3 cells. The expression of miR-1205 was similar in PZ-HPV-7 and LNCaP cells but lower than in DU145 and PC3 cells ( Fig. 2a ). In contrast, protein expression of EGLN3 was higher in PZ-HPV-7 and LNCaP cells than in PC3 and DU145 cells ( Supplementary Fig. S7a ). Of note, in the cell lines, expression of miR-1205 appeared to be conversely associated with expression of EGLN3, supporting an interaction between miR-1205 and EGLN3 ( Fig. 2a and Supplementary Fig. S7a ). To determine whether EGLN3 is responsible for miR-1205-induced cell proliferation, we transiently transfected a scrambled control, miR-1205 mimic, or miR-1205 mimic plus exogenous EGLN3 into LNCaP cells (with low expression of miR-1205). The effective transfection of exogenous EGLN3 and the effect of the miR-1205 mimic on expression of EGLN3 was validated by western blotting (Fig. 5a ). After transfection, cell proliferation was induced by the miR-1205 mimic (p < 0.001, miR-1205 mimic vs. scrambled control), but this induction was partially blocked by exogenous EGLN3 (p = 0.007, miR-1205 mimic+EGLN3 vs. miR-1205 mimic) ( Fig. 5b ). Furthermore, using CRISPR/Cas9 technology, miR-1205 was knocked out in PC3 cells (with high expression of miR-1205), and the miR-1205 knockout (KO) cells were confirmed by Sanger sequencing (Fig. 5c ) and qPCR (Fig. 5d ). The scrambled control or either of two EGLN3 small interfering RNAs (siRNAs) were transiently transfected into the miR-1205 KO PC3 cells, and the effect of miR-1205 KO and EGLN3 siRNAs on the expression of EGLN3 was validated by western blotting (Fig. 5e ). Cell proliferation was reduced in miR-1205 KO PC3 cells compared with that in wild-type (WT) PC3 cells (p < 0.001, miR-1205 WT vs. KO), but knockdown of EGLN3 partially rescued cell proliferation in miR-1205 KO PC3 cells (p = 0.026 for EGLN3 siRNA1 and p = 0.019 for EGLN3 siRNA2 vs. scrambled control) ( Fig. 5f ). Since EGLN3 appears to control cell migration and motility [37, 38] , we also tested the effect of miR-1205 on cell migration in PC3 cells by scratch assays and Transwell assays, but there was no difference in cell migration between miR-1205 KO and WT PC3 cells ( Supplementary Fig. S8a -c). We performed immunofluorescence assays with F-actin and anti-EGLN3 antibody in miR-1205 WT and KO PC3 cells, and miR-1205 KO increased the expression of EGLN3, but F-actin staining was not appreciably changed in miR-1205 KO cells compared with miR-1205 WT cells ( Supplementary   Fig. S8d ). In addition, to determine the effect of miR-1205 on tumor growth, miR-1205 WT or KO PC3 cells were subcutaneously injected into immunodeficient nude mice. Xenograft tumor growth (p < 0.001) and weights (p < 0.001) were reduced in mice with miR-1205 KO PC3 cells compared with WT PC3 cells ( Fig. 5g-i) . A decreased expression of Ki67 but increased expression levels of EGLN3 protein and mRNA was evident in miR-1205 KO xenograft tumors compared with that in the WT xenograft tumors ( Fig. 5j-m) .
The tumor-suppressive function of EGLN3 is independent of hypoxia-inducible factor 1α (HIF1α) and nuclear factor (NF)-κB [39, 40] , and lack of mRNA expression of EGLN3 causes an absence of response to hypoxia [41] . [42, 43] , but loss of EGLN3 enhances cancer cell proliferation and survival in hypoxic microenvironments [39, 40] . Hydrogen peroxide (H 2 O 2 ) is a non-radical reactive oxygen species molecule that is induced by hypoxia [44, 45] . Thus, to address whether inhibition of miR-1205 induces apoptosis upon oxidative stress, the PC3 cells were treated with H 2 O 2 for induction of apoptosis. At 24 h after transfection with an miR-1205 inhibitor, apoptosis was not evident in the cells, but apoptosis was elevated upon H 2 O 2 stimulation for 30 min in cells treated with an miR-1205 inhibitor as compared to that in cells treated with an miRNA scramble control ( Fig. 3f ). Of note, in the cells exposed to H 2 O 2 , hypoxia-mediated apoptosis induced by the miR- 
Posttranscriptional regulation of the EGLN3 gene by miR-1205 in human prostate cancer cells
We predicted the miR-1205-targeting sequences in the 3'untranslated region (3'-UTR) of EGLN3 (Fig. 6a ). Sequence alignment analysis revealed two potential miR-1205targeting sites (Fig. 6a, b) . The posttranscriptional regulation of EGLN3 was characterized by targeting of miR-1205 using a pmiR-luciferase reporting system in prostate cancer cells. In LNCaP cells (with low expression of miR-1205), transfection of the miR-1205 mimic reduced the luciferase activity of the WT EGLN3 3'-UTR (3.6-fold, p < 0.001), but deletion of the first miR-1205-targeting sequence (CCUGCAGA) in the EGLN3 3'-UTR rescued the luciferase activity of EGLN3 3'-UTR in LNCaP cells transfected with the miR-1205 mimic (Fig. 6c ). The posttranscriptional regulation of EGLN3 was verified by targeting of miR-1205 in DU145 and PC3 cells (with high expression of miR-1205). Transfection of the miR-1205 inhibitor induced the luciferase activity of the WT EGLN3 3′-UTR in DU145 cells (3.4-fold, p = 0.003) and PC3 cells (2.4-fold, p = 0.002), but deletion of the first miR-1205-targeting sequence reversed the suppression of luciferase activity of the EGLN3 3′-UTR in DU145 and PC3 cells transfected with the miR-1205 inhibitor (Fig. 6d, e ). To test whether miR-1205 directly interacts with EGLN3 mRNA, we performed an miRNA-mRNA interaction analysis using miRNA target immunoprecipitation (IP) with Argonate proteins (Ago1/2/3) upon transfection of LNCaP, DU145, and PC3 cells with the miR-1205 mimic or inhibitor. Ago-IP analysis showed that EGLN3 mRNA, but not GAPDH mRNA, directly bound with Ago1/2/3 proteins in the presence of miR-1205 as compared to scramble control miRNA (Fig. 6f, g) , supporting a direct interaction of miR-1205 with EGLN3 mRNA in prostate cancer cells. In addition, we interrogated the TCGA dataset for a correlation of miR-1205 with EGLN3 mRNA in primary prostate cancers. However, we did not find a strong correlation between miR-1205 with EGLN3 mRNA (Pearson correlation r = 0.138; Supplementary Fig. S9a ). To test whether miR-1205 is related to EGLN3 in castration-resistant prostate cancer, we selected 10 additional samples of castrationresistant prostate cancers to obtain micro-dissected tumor cells, which were used to determine the correlation of expression between miR-1205 and EGLN3. As shown in Supplementary Fig. S9b , there was a negative correlation of expression between miR-2015 and EGLN3 (Pearson correlation, r = −0.482; p = 0.023) in these samples, supporting the presence of a functional miR-1205-EGLN3 axis in castration-resistant prostate cancer.
Discussion
In the present study, we found somatic DNA amplification at 8q24.21 in human prostate cancer cells, particularly castration-resistant prostate cancer cells. In primary castration-resistant prostate cancer specimens, this amplification positively correlated with the expression of miR-1205. Our functional analysis revealed that, in human prostate cancer cells, miR-1205 promoted cell proliferation and cell cycle progression but inhibited hydrogen peroxideinduced apoptosis. Further, in human prostate cancer cells, miR-1205 downregulated the expression of EGLN3, which was implicated in the miR-1205-induced cell proliferation. In human prostate cancer cells, miR-1205 targeted a specific site in the 3'-UTR of EGLN3 to downregulate its transcriptional activity. Thus, in these cells, we identified a potentially functional miR-1205-EGLN3 axis (Fig. 6h ). EGLN3 (also known as PHD3, HPH1, and SM-20) is a member of the Caenorhabditis elegans gene egl-9 (EGLN) family of prolyl hydroxylases. The EGLN3 protein catalyzes hydroxylation of HIF1α, resulting in its ubiquitination and degradation and subsequent decrease in activity [46] . In HEK293T cells, EGLN3 inhibits NF-κB activity through inhibition of IKKγ ubiquitination [47] , and, in PC3 cells, lack of mRNA expression of EGLN3 causes an absence of response to hypoxia [41] . The growth-suppressive function of EGLN3 is exerted through suppression of epidermal growth factor receptor signaling, but, in gliomas, this function is independent to HIF1α and NF-κB [39, 40] . In hypoxic microenvironments, loss of EGLN3 in tumor cells enhances cell proliferation and survival [39, 40] . Functional analyses suggest that, in fibroblasts, neurons, and myoblasts, EGLN3 facilitates p53-induced growth arrest, apoptosis, and differentiation [48] [49] [50] . Although miR-1205 promotes cell proliferation by targeting of EGLN3, which may be relevant to suppression of cell cycle progression, other studies indicate that EGLN3 enhances cell cycle progression in cancer cells [51, 52] . However, there is evidence that, in cancer cells, EGLN3 promotes p53 protein stability through de-ubiquitination, leading to G1 cell cycle arrest and apoptosis, which further supports a tumorsuppressive role of EGLN3 [53] . Bioinformatics analysis of the public datasets showed low mRNA expression of EGLN3 in primary prostate cancer tissues ( Supplementary  Fig. S10a) ; this low expression of EGLN3 is more evident in cases with low Gleason scores ( Supplementary  Fig. S10b ) and is associated with disease relapse (Supplementary Fig. S10c, d) but not with patient survival, whereas high expression of miR-1205 is associated with poor survival ( Supplementary Fig. S10e ). Thus these data suggest that miR-1205 induces cell proliferation, cell cycle progression, and inhibition of apoptosis, at least partially through EGLN3, indicating the existence of a functional miR-1205-EGLN3 axis in prostate cancer cells.
At 8q24.21, the miR-1205 locus (with PCR primer 2) was amplified in the PC3 (castration-resistant) prostate cancer cell line and in primary castration-resistant prostate cancers. Since DNA amplification was associated with overexpression of miR-1205 in castration-resistant prostate cancer specimens, miR-1205 may contribute to the genetic risk of castration-resistant prostate cancer. However, although this cell line does not show amplification at the miR-1205 locus, overexpression of miR-1205 was evident in DU145 cells, a castration-resistant prostate cancer line, suggesting that different mechanisms underlie the regulation of miR-1205 expression in DU145 and PC3 cells. Furthermore, our data showed the DNA amplification of both PCR primer 2 and 3 loci, including miR-1205 and miR-1207, in castration-resistant prostate cancer cells. Although miR-1205 and miR-1207 may be amplified together at the same locus, there was no difference in expression levels of miR-1207-3p between benign and malignant tissues, suggesting that, in prostate cancer cells, a selective transcription of miR-1205 in the amplified locus includes an epigenetic regulatory mechanism. Indeed, DNA hypermethylation at the CpG island in the promoter region of miR-1205 was identified in normal prostate epithelial cells and androgen-sensitive prostate cancer cells but not in castration-resistant prostate cancer cells, supporting an epigenetic regulation in transcription of miR-1205.
Luciferase reporter assays are commonly used to measure functional miRNA-mRNA interactions. However, our mutation analysis showed that only one of the two binding sites was possibly involved in miR-1205-mediated regulation of EGLN3 stability. Mutation of the second seed sequence did not have any effect despite having a 100% homologous binding sequence. However, our miR-1205 target IP analysis supported a direct interaction of miR-1205 with EGLN3 mRNA in prostate cancer cells. In addition, although 100 nM of an miRNA mimic is commonly used for transient transfection, this concentration led to supraphysiological expression of miR-1205 in the cells (Supplementary Fig. S11 ), resulting in a limitation of these results. However, all such results were validated by knockdown or KO of miR-1205, which should alleviate this limitation.
In conclusion, in castration-resistant prostate cancer cells, DNA amplification at 8q24.21 is associated with overexpression of miR-1205, which may contribute to the genetic risk of prostate cancer. Functional analyses indicate that EGLN3, a target of miR-1205, is associated with miR-1205-mediated growth promotion and suggest the existence of a functional miR-1205-EGLN3 axis in prostate cancer cells. However, miR-1205 targets, other than EGLN3, may contribute to miR-1205-induced cell proliferation. Although miR-1205 enhances cell cycle progression in these cells, the molecular mechanism underlying this process remains unknown.
Materials and methods

Cell lines, antibodies, and reagents
Prostate cancer cell lines, PZ-HPV-7, LNCaP, LNCaP C4-2, VCaP, DU145, and PC3, were obtained from the American Type Culture Collection (Manassas, VA, USA). Cell lines were authenticated by examination of morphology and growth characteristics and were confirmed to be mycoplasma-free. A short tandem-repeat analysis for DNA fingerprinting was also used to verify the cell lines [54] . Cells were maintained in Dulbecco's Modified Eagle's medium (for DU145 and PC3) and Roswell Park Memorial Institute 1640 medium (for LNCaP) supplemented with 10% fetal bovine serum or keratinocyte serum-free medium (for PZ-HPV-7) (Thermo Fisher Scientific, Waltham, MA, USA). Specific primary antibodies were used to detect the following proteins: Ki67 (ab15580, ABCAM, Cambridge, MA, USA), CCDC85A (aas80681c, 1:1000, Antibody Verify, Las Vegas, NV, USA), CCND2 (ab81359, 1:2000, ABCAM), EGLN3 (PHD3) (aas02524c, 1:1000, Antibody Verify), and PELI2 (aas76488c, 1:1000, Antibody Verify). EGLN3 siRNAs and miRNA mimic and inhibitor are listed in Supplementary Table S2 . These small RNAs (nmol/L) were transfected with Lipofectamine RNAiMAX (Thermo Fisher Scientific) into cells according to the protocol of the manufacturer.
Human tissue specimens
Formalin-fixed and paraffin-embedded prostate cancer specimens were obtained from the Department of Pathology, Jilin University Second Hospital. The tumor and tumor-adjacent normal specimens were collected from 12 patients with castration-resistant prostate cancer who underwent primary surgery between January 2012 and June 2015. All had histologically confirmed prostate adenocarcinoma with information on tumor stage (Tumor-Node-Metastasis) and grade (Gleason) and had received hormone therapy ( Table 1 ). This study, involving the use of human prostate tumor specimens, was approved by the Institutional Review Board of the Jilin University Second Hospital. For all specimens, informed consent was obtained from all subjects in accordance with the requirements of the Institutional Review Board.
Laser capture microdissection
Formalin-fixed and paraffin-embedded tissue sections (8-μm) of human prostate specimens were cut and transferred to glass slides not coated with polylysine. The slides were stained with Harris hematoxylin for 50 s and eosin for 30 s and then dried in a laminar flow hood for 5-10 min prior to microdissection. For analysis of gene copy number and gene expression, target tissue sections were laser-capture microdissected using the Arcturus PixCell II system (Thermo Fisher Scientific) with an Olympus IX-50 microscope to obtain prostate epithelial and cancer cells (5 × 10 3 ), as described previously [55] [56] [57] . RNA was extracted with PicoPure RNA extraction kits (Thermo Fisher Scientific) and amplified by reverse transcriptase-PCR. Genomic DNA was extracted from micro-dissected tissue using PicoPure DNA Isolation kits (Thermo Fisher Scientific). The concentrations were measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).
Quantification of gene copy numbers
Quantitative analysis of copy numbers was conducted by QIAGEN qBiomarker Copy Number PCR assays (QIA-GEN, Germantown, MD, USA) based on a 7500 Real Time PCR System (Thermo Fisher Scientific) as previously described [58, 59] . All qBiomarker Copy Number PCR Assays were designed for unique regions of the genome. A qBiomarker Multicopy Reference Copy Number PCR Assay (MRef, QIAGEN) was included in each assay. The reference assay recognizes a stable sequence that appears in the human genome >40 times and whose copy number is not affected or minimally affected by local genomic changes. Relative gene copy numbers for each specimen were calculated as 2 × (tumor copy number/MRef copy number) as described previously [59] .
Quantitative PCR of gene expression
For miRNA expression, 5 µL of RNA in 20-µL reactions was reverse-transcribed using miScript II RT Kits (QIA-GEN) according to the manufacturer's protocol. Then 2 µL of cDNA was used as a template for real-time PCR using a LightCycler 480 Real Time PCR System (Roche Applied Sciences, Indianapolis, IN) with miScript SYBR Green PCR kits (QIAGEN) at 95°C for 2 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. The relative quantities of miRNA were determined by the comparative method (2 −ΔCt ) with a U6 reference, as described previously [54, 60] . For mRNA expression of coding genes, relative expression levels were determined by qPCR with SYBR Green Dye (Promega, Madison, WI, USA) using the comparative method (2 −ΔΔ Ct) against endogenous GAPDH in accordance with the manufacturer's protocol. The qPCR primer sequences are listed in Supplementary Table S2. miRNA/mRNA IP assay miRNA/mRNA IP was performed by using miRNA Target IP kits (Active Motif, Carlsbad, CA USA) according to the accompanying protocol. Briefly, cells (1.5 × 10 7 ) were transfected with scrambled control or miRNA mimic or inhibitor (50 nmol/L) using Lipofectamine RNAiMAX (Thermo Fisher Scientific) for 24 h. Transfected cells of each sample were lysed in 150 μL of complete lysis buffer and incubated on ice for 5 min and then at −80°C for 2 h. Protein G magnetic beads (50 μL) were mixed with 200 μL of bovine serum albumin solution for 10 min, and then the tubes were placed on a magnet to pellet beads. After removal of the supernatant, 100 μL of wash buffer containing 5 μg of anti-Ago1/2/3 antibody or negative control anti-IgG antibody was incubated for 30 min. The lysate, mixed with 1000 μL IP buffer, was added to the protein G magnetic beads, incubated overnight at 4°C, and treated with proteinase K to digest protein for 30 min at 55°C. Purification and detection of mRNA and miRNA are described above. The results of Ago-IP were normalized to that of negative control IgG-IP.
Cell proliferation, cell cycle progression, and apoptosis
Cells (1 × 10 5 ) were transfected with scrambled control or miRNA mimic or inhibitor (100 nmol/L) using Lipofectamine RNAiMAX (Thermo Fisher Scientific) for 48 h. After transfection, cell morphology, viability, and numbers were monitored microscopically at 0, 1, 3, 5, and 7 days. At 0 and 24 h after transfection, apoptosis was assessed by flow cytometry based on cell binding to Annexin V (BD Biosciences, San Jose, CA, USA). For apoptosis induction by H 2 O 2 , cells were treated with 0.1 mM H 2 O 2 for 30 min following transfection with an miRNA scramble control, an miR-1205 inhibitor, or an miR-1205 inhibitor plus an EGLN3 siRNA for 24 h. After starvation of cells for 48 h, cell-cycle progression at 0 and 24 h was determined by propidium iodide (50 µg/mL, BD Biosciences) staining and flow cytometry, as described previously [57, 61] .
Western blots
Western blotting was performed as previously described [56, 61] . Briefly, cell lysates containing 50-100 μg of protein were resolved by electrophoresis on 10% sodium dodecyl sulfate-polyacrylamide gels. Proteins were transferred to Hybond-P membranes, which were incubated in 5% non-fat dry milk for 1 h and overnight at 4°C in 0.25% non-fat milk containing antibodies. The membranes were incubated for 1 h at room temperature in 0.25% non-fat milk with an anti-rabbit or mouse IgG horseradish peroxidase-linked secondary antibody (Cell Signaling, Danvers, MA, USA). To ensure equal loading of proteins, the membranes were stripped under the same conditions as described above. They were then incubated with enhanced chemiluminescence reagents and exposed to X-ray film for 1-5 min.
Luciferase assay
The pMIR-REPORT luciferase reporter vectors (Thermo Fisher Scientific) were used to construct DNA fragments from the 3'-UTR of EGLN3 (Transcript: EGLN3-201 ENST00000250457) by Spe I and MluI (Promega) digestion according to the manufacturer's protocol. The PCR primer sequences for DNA construction and mutagenesis are listed in Supplementary Table S2 . Luciferase activity was measured as described previously [56, 62, 63] . Briefly, cells were plated at a density of 5 × 10 4 per well into 24-well plates and then transiently co-transfected using Lipofectamine 3000 (Thermo Fisher Scientific) with luciferase gene reporter vectors (pMIR-EGLN3-3'UTR) and miR-1205 mimic or inhibitor (100 nmol/L) according to the protocol of the manufacturer. After transient transfections for 48 h, cells were washed twice with ice-cold phosphate-buffered saline and were lysed in 1× lysis buffer (Promega) for 15 min on a shaker. The luciferase activity was assessed with a Veritas Microplate Luminometer (Turner BioSystems, Sunnyvale, CA, USA) using a Dual Luciferase Assay System (Promega).
Site-directed mutagenesis
Site-directed mutagenesis of the EGLN3 3′-UTR-luciferase reporter plasmid was accomplished following the protocols from the Site-Directed Mutagenesis System (Thermo Fisher Scientific). The primers for mutagenesis are shown in Supplementary Table S2 . The miR-1205 targeting motif sequences (230-237: CCUGCAGA and 1162-1168: CCUGCAG after stop coding sequence) in the pMIR-EGLN3-3'UTR construct were mutagenized to generate the targeting motif deletions.
Establishment of miR-1205 KO cells
The miR-1205 single guide RNAs (sgRNAs) were designed using the online CRISPR design tool (Benchling, San Francisco, CA, USA, https://benchling.com). The pri-miR-1205 region was selected to be targeted by CRISPR/Cas9 editing. A ranked list of sgRNAs was generated with specificity and efficiency scores. In two flanking sites of the mature miR-1205 sequence, pair sgRNAs with >30% specificity and efficiency scores were selected. The pair of oligos for two targeting sites was annealed and ligated to the BbsI-digested pSpCas9(BB)−2A-GFP (PX458) vector (Addgene, Cambridge, MA, USA). The pX458 plasmid containing each target sgRNA sequence or pX458 empty vector was transfected into PC3 cells with Lipofectamine 3000 (Thermo Fisher Scientific). After flow cytometric sorting with green fluorescent protein (GFP), 100 GFP + cells were seeded into each well of a 96-well plate. After selection of single colonies, miR-1205 KO colonies were determined by Sanger sequencing with isolated genomic DNA, and miR-1205 expression levels in each clone were validated by qPCR. All sgRNAs were accessed using the online off-target searching tool (Cas-OFFinder, Daejeon, South Korea, http://www.rgenome.net/cas-offinder) [64] . To avoid an off-target effect, potential off-target regions were selected and subjected to PCR and Sanger sequence analysis. The sgRNAs and primers for CRISPR design and DNA construct are shown in Supplementary Table S2 .
Xenogeneic transplantation
BALB/c nude mice were purchased from Beijing Institute for Experimental Animals (Beijing, China). All experiments were conducted in accordance with accepted standards of animal care and approved by the Institutional Animal Care and Use Committee of Jilin University Second Hospital. miR-1205 WT or miR-1205 KO PC3 cells (100 µL, 5 × 10 6 ) were subcutaneously injected into the left flanks of 8-week-old male nude mice. Xenograft tumor growth was observed for 28 days after tumor cell injection. Tumor sizes and weights were measured as described previously [55, 56] .
Prediction of miR-1205 target genes
The source of potential miR-1205 target genes was selected from three miRNA databases, TargetScan [34] , Dianamicro T [35] , and miRDB [36] . Briefly, the top 200 candidate target genes of miR-1205 were selected from each database due to a different scoring algorithm between them ( Supplementary Table S1 ). All selected target genes were identified in at least two databases.
Datasets, analysis of gene expression data, and annotation
The TCGA Data Portal was used to download the data from samples of prostate adenocarcinomas (n = 1097) and normal prostate controls (n = 114). The RNAseqV2 level 3 data were used before statistical analysis. Gene-level normalized expression data were used in Partek Genomic Suite (PGS, St. Louis, MO, USA) for additional normalization, statistics, and annotation. False discovery rate corrections (Benjamini-Hochberg methods) were applied for the purpose of testing multiple hypotheses.
Statistical analyses
Continuous variables were summarized using mean, standard deviation (SD), and median values. For each group, the distribution of data was evaluated using a one-sample Kolmogorov-Smirnov test. In samples with normal distributions, the means of the variables were compared using a two-tailed t test between two groups. In samples with nonnormal distributions, the medians of the variable between two groups were compared by Mann-Whitney U test. Analysis of variance, one and two way, were used to test for overall differences, followed by a protected least significant difference test for differences between groups. All data were entered into an access database using Excel 2016 and analyzed with SPSS (version 24; IBM, Armonk, NY, USA) and StatView (version 5.0.1, SAS Institute Inc., Cary, NC, USA).
